Cassava ( Manihot esculenta , Crantz) roots are the primary source of calories for more than 500 million people, the majority of whom live in the developing countries of Africa. Cassava leaves and roots contain potentially toxic levels of cyanogenic glycosides. Consumption of residual cyanogens (linamarin or acetone cyanohydrin) in incompletely processed cassava roots can cause cyanide poisoning. Hydroxynitrile lyase (HNL), which catalyses the conversion of acetone cyanohydrin to cyanide, is expressed predominantly in the cell walls and laticifers of leaves. In contrast, roots have very low levels of HNL expression. We have over-expressed HNL in transgenic cassava plants under the control of a double 35S CaMV promoter. We show that HNL activity increased more than twofold in leaves and 13-fold in roots of transgenic plants relative to wild-type plants. Elevated HNL levels were correlated with substantially reduced acetone cyanohydrin levels and increased cyanide volatilization in processed or homogenized roots. Unlike acyanogenic cassava, transgenic plants overexpressing HNL in roots retain the herbivore deterrence of cyanogens while providing a safer food product.
Introduction
Cyanogenic glycosides are a group of secondary compounds that yield cyanide upon enzymatic breakdown. In many plants, cyanogenic glycosides are thought to act as herbivore deterrents or as transportable forms of reduced nitrogen (Belloti and Arias, 1993; McMahon et al ., 1995; Selmar, 1993; Siritunga and Sayre, 2003) . Many important crops such as sorghum, almonds, lima beans and white clover contain cyanogenic glycosides; however, cassava ( Manihot esculenta , Crantz) is the most agronomically important of the cyanogenic crops. In spite of the presence of potentially toxic cyanogens, cassava has many desirable agronomic properties, including high potential yield, drought tolerance, ability to grow on poor soils, and providing food security (Scott et al ., 2002) . These qualities have made cassava an important food crop in the tropics, particularly for subsistence farmers in Africa.
In some regions of Africa, chronic exposure to cyanide resulting from the ingestion of large quantities of improperly processed cassava food products is associated with several health disorders including hyperthyroidism and tropical ataxic neuropathy (Mlingi et al ., 1992; Tylleskar et al ., 1992) .
Konzo, a permanent paralysis of the legs, may result from acute cyanide poisoning. The occurrence of Konzo is typically associated with drought and famine in Africa when short-cut methods are used to process or detoxify cassava. The effects of cyanide toxicity may also be acerbated during drought by the elevation of cyanogen levels in roots (Cardoso et al ., 1999; Ernesto et al ., 2002) .
The biochemistry and physiology of cyanogenesis in cassava has been well characterized (reviewed in McMahon et al ., 1995) . Rupture of the vacuole initiates cyanogenesis by releasing linamarin, which is then hydrolysed by linamarase, a cell-wall and laticifer localized β -glycosidase (McMahon et al ., 1995; Pancoro and Hughes, 1992; Santana et al ., 2002) . The deglycosylated product, acetone cyanohydrin, can spontaneously decompose at pH > 5.0 or temperatures > 35 ° C, or is enzymatically broken down by hydroxynitrile lyase (HNL) in leaves to produce acetone and cyanide ( Figure 1 ) (Cutler and Conn, 1981; Wajant and Pfizenmaier, 1996; Wajant et al ., 1994; White and Sayre, 1995; White et al ., 1994; White et al ., 1998; Yemm and Poulton, 1986; Zheng and Poulton, 1995) . Similar to linamarase, HNL is localized in the cell walls of leaves, however, roots have substantially reduced levels (< 6%) of HNL relative to leaves (White et al ., 1998) . Importantly, the cyanide generated during food processing is either volatilized or extracted with water and does not contribute to food toxicity.
Since acetone cyanohydrin is chemically unstable it was generally thought that residual linamarin was the primary source of cyanide in processed cassava roots. In 1992, however, it was demonstrated that the major cyanogen present in poorly processed cassava roots was acetone cyanohydrin and not linamarin (Tylleskar et al ., 1992) . Later, White et al . (1998) demonstrated that cassava roots have essentially no detectable HNL activity or protein, unlike leaves. The apparent absence of HNL activity in roots was attributed to reduced steady-state levels ( ≤ 6% of leaf levels) of HNL transcripts in roots (White et al ., 1998) . Thus, it was evident that the high acetone cyanohydrin levels present in processed cassava foods could be attributed to low HNL activity in roots.
We have taken two approaches to reduce cyanogen toxicity in cassava foods: the elimination of cyanogen synthesis in transgenic cassava (Siritunga and Sayre, 2003) and the elevation of HNL activity in cassava roots. We postulated that elevated levels of HNL in roots would accelerate the conversion of acetone cyanohydrin to cyanide and facilitate the detoxification of cassava foods (from roots). We demonstrate here that the over-expression of HNL in roots of transgenic cassava plants accelerates cyanogenesis resulting in substantially reduced acetone cyanohydrin levels in processed foods while not affecting the steady-state linamarin levels of intact plants. Since free cyanide is removed with the processing water or is volatilized during root processing, transgenic plants expressing HNL in the roots can provide a safer food product while retaining the benefits (herbivore deterrence) of cyanogens.
Results and discussion

Plant transformation efficiency
Transgenic cassava plants were generated by the Agrobacteriummediated transformation of somatic embryos using paromomycin as a selective agent, as described by Siritunga and Sayre (2003) . Seventy-seven independent paromomycinresistant, putative transformants were obtained from the transformation of 2447 explants for an apparent transformation efficiency of 3.6% (based on paromomycin resistance).
Molecular analysis of the transformants
Three of the paromomycin-resistant HNL transformed plants (HNL-1, HNL-2 and HNL-3) are described in this paper. To verify the integration of the T-DNA into the paromomycinresistant plants the presence of the nptII gene and HNL cDNA was screened by PCR analysis (data not shown). The identity of each PCR product was confirmed by DNA sequence analysis. In order to determine whether Agrobacterium cells 
Root HNL protein levels and leaf HNL enzyme activity
Analysis of the HNL activity of crude leaf extracts from wild-type and transformed cassava lines (HNL-1, HNL-2 and HNL-3) indicated that the HNL activity was 1.7, 2.4, 4.0 and 3.8 mmol HCN/mg protein/h, respectively. There was no significant difference in HNL activity between transformants HNL-2 and HNL-3. These relative levels of HNL activity represent a 40 -135% increase in leaf HNL activity in the transformed plants relative to wild-type plants ( Figure 3A) . We note that the HNL activity rates reported here for wild-type plants are about threefold higher than previously reported and reflect an improvement in the cyanide detection assay.
To determine whether the observed increases in leaf HNL activity were associated with greater HNL protein abundance, we carried out quantitative Western blots using soluble leaf proteins from wild-type and transformed plants ( Figure 2B) . Importantly, the protein loadings (15 µ g protein) and the antibody titre that were used for the Western blot analyses had previously been shown to give a linear response to HNL by immuno-detection (White et al. , 1998) . To quantify the apparent HNL protein levels, the Western blots were scanned and analysed by densitometry. Average HNL levels present in leaves of transgenic lines HNL-1, HNL-2 and HNL-3 were 1.2, 2.3 and 1.4-fold greater than those observed in untransformed plants, respectively ( Figure 2B ). Interestingly, the highest level of HNL protein was observed in transformant HNL-2, which had the highest HNL enzyme activity.
Previously, we have demonstrated that HNL was not detectable in cassava roots by Western blot analysis using polyclonal antibodies generated in mice (White et al ., 1998) . Figure 3B ). Although the root HNL activity of the HNL transformants was greatly increased compared to wild-type roots, the HNL activities in transgenic plants are still substantially less than those of wild-type leaves.
Reduction of acetone cyanohydrin levels in homogenized roots of transgenic plants
As previously indicated, the major cyanogen present in poorly processed cassava roots is acetone cyanohydrin (Tylleskar et al ., 1992) . The apparent absence of HNL in roots is thought to account for the high acetone cyanohydrin levels present in poorly processed cassava foods (White et al. , 1998) 
Experimental procedures
Vector construction and Cassava transformation
The modified Agrobacterium binary vector pKYLX-HNL was constructed for the expression of HNL gene in transgenic cassava. The original pKYLX binary vector contains an nptII gene for kanamycin/paromomycin resistance. A cassava hydroxynitrile lyase cDNA (White et al. , 1998) Siritunga and Sayre (2003) . Transgenic plants harbouring the T-DNA region of pKYLX-HNL were selected in media containing 75 mg / L paromomycin and 500 mg / L carbenicillin (kills Agrobacterium ). Wild-type plants, used for all molecular and biochemical experiments, were regenerated from somatic embryos using the same tissue culture procedures with the exception of paromomycin selection.
Molecular analysis
Genomic DNA was extracted from 30 mg of in vitro leaves of independent putative transformed and control plants (Sweeney and Danneberger, 1994) . The presence of the nptII (5 ′ CCGCCGATGACGCGGGACAAGCC3 ′ and 5 ′ GGT-CCGCCACACCCAGCCGGCCA3 ′ ) and the HNL (5 ′ AAAGT-CGACATGGTAACTGCACATTTTGTT3 ′ and 5 ′ AAAGAAT T-CTCAAGCATATGCATCAGCCAC3 ′ ) cDNA genes was detected by PCR amplification using specific primers. The absence of residual Agrobacterium contamination was tested in all plants by using specific primers amplifying the virA gene located outside of the T-DNA (Pavingerova et al. , 1997 ) following a protocol described by Moore et al. (1992) . Integration of the transgenes was further confirmed by Southern blot analysis performed on total leaf DNA isolated from 8-month-old greenhouse grown plants (Soni and Murray, 1994) . The DNA (10 µ g) was digested with Xba I and hybridized at 42 ° C with PCR-generated 32 P-labelled HNL cDNA probe following standard protocols (Sambrook et al., 1989) .
Western blot
Western blot analyses were performed using 15 µg of soluble leaf protein obtained from greenhouse grown plants according to the method of Harlow and Lane (Harlow and Lane, 1988) . Polyclonal antibodies raised against purified HNL by the Ohio State University Antibody Center (Columbus, OH) were used for immuno-labelling. Cross-reacted bands were visualized using goat anti-mouse IgG alkaline phosphatase conjugate (Promega, Madison, WI) and a colorimetric assay according to the procedure of Harlow and Lane (Harlow and Lane, 1988) . The intensity of the bands was determined by scanning densitometry.
Crude protein extractions and HNL enzymatic analysis
Cassava leaves from 5-month-old transformed and untransformed plants (100 mg) were frozen in liquid nitrogen and ground in 0.5 mL of 0.05 M sodium phosphate buffer pH 5.0, 3 mM DTT, 1% (w/v) polyvinyl pyrrolidine at 4 °C and filtered through miracloth. The cell wall material was pelleted by centrifugation at 13 000 g for 15 min at 4 °C. The supernatant was collected and centrifuged again at 13 000 g for 5 min at 4 °C to remove residual debris. Supernatant protein concentrations were determined by the bicinchoninic acid (BCA) method (Akins and Tuan, 1992) using bovine serum albumin as a standard.
Hydroxynitrile lyase assays were performed in a final volume of 1 mL containing 50 mM sodium phosphate buffer pH 5.0, 20 µg total leaf protein, and 28 mM acetone cyanohydrin (Sigma). After 30 min incubation at 28 °C in capped tubes, 10 µL of the reaction mixture was added to 20 mL (for leaf) or 5 mL (for root) of 50 mM sodium phosphate pH 4.0, and HCN was determined using the Spectroquant 14 800 cyanide detection kit (EM Science, Gibbstown, NJ). A reaction with no cassava protein added was also carried out to determine the rate of spontaneous acetone cyanohydrin breakdown. This value was subtracted from the enzyme-catalysed reactions.
Quantification of free cyanide and acetone cyanohydrin in roots following maceration
Eight-month-old green house grown transgenic and wildtype plants were used for cyanide and acetone cyanohydrin assays. Root parenchyma (1 gram) was homogenized in 5 mL of 0.1 M sodium phosphate buffer pH 5.0 (the low pH was used to stabilize acetone cyanohydrin and reduce its spontaneous breakdown) for 30 s and incubated at 30 °C for 0-120 min in capped tubes. Starch was pelleted and removed by centrifugation at 7500 g for 2 min. The supernatant was immediately subjected to two assays using the spectroquant cyanide assay described above. Liberated cyanide, a measure of acetone cyanohydrin decomposition, was measured by adding 0.5 mL of supernatant to 3.5 mL of 0.1 M sodium phosphate pH 5.0, followed by cyanide quantification using the spectroquant assay. Total acetone cyanohydrin plus cyanide was determined by adding 0.1 mL of supernatant to 0.6 mL of 0.2 M NaOH and 3.3 mL of 0.1 mM sodium phosphate buffer pH 5.0, followed by cyanide quantification using the spectroquant assay (O'Brien et al., 1991) . The addition of NaOH converts all the acetone cyanohydrin into free cyanide. The amount of acetone cyanohydrin present in the HNL transformants was calculated as the difference between the two assays {(acetone cyanohydrin + cyanide assay) -(cyanide assay)}.
Measurement of root linamarase activity and linamarin content
The crude linamarase activity of roots was assayed using ρ-nitrophenol-β-glucopyranoside as a substrate according to Mkpong et al. (1990) . Root linamarin was quantified by homogenizing 1 g of roots in 5 mL of 0.1 M sodium phosphate pH 4.0 followed by pelleting starch at 7500 g for 2 min. The supernatant was then boiled for 5 min to inactivate endogenous linamarase and to normalize all samples for the linamarase subsequently added. A 20-fold excess of isolated cassava linamarase (total linamarase activity added: 1.0 mmole glucose/h) was added to the root extract followed by incubation at 30 °C in closed tubes for 5 min. The resulting acetone cyanohydrin plus cyanide was quantified as described above. Exogenously added cassava linamarase was purified by homogenizing 1 g of leaves in 0.1 M sodium phosphate (pH 3.5) followed by centrifugation at 24 000 g for 30 min (Mkpong et al., 1990) . The proteins in the supernatant were precipitated by addition of ammonium sulphate to 40% saturation followed by dialysis against 0.05 M sodium phosphate (pH 7.0). Linamarase was isolated by separating the proteins on a Sepharose S-200 column in a buffer containing 0.1 M sodium phosphate (pH 7.0) and 200 mM NaCl using a Bio-Rad Econo System chromatography system (Hercules, CA). Linamarase was the first protein peak that eluted from the column (data not shown).
